Ruminal fluid was obtained over a 4-yr period from cattle on various diets and supplements to determine the effects of different inocula on the microbial degradation of 3-nitropropanol (NPOH), a toxic metabolite in certain Astragalus spp. (Leguminosae). Nitrite (NO2--) metabolism was also studied in vitro because rapid NO 2-reduction is required for the overall detoxification of NPOH. lntra-ruminal supplements of sulfite were ineffective and produced toxic signs in treated animals. Ruminal fluid from cattle on fresh pasture diets enhanced the in vitro metabolism of NOa-, but rates of NPOH disappearance were not significantly affected. Rates of NPOH degradation increased when orchardgrass pasturage was supplemented with molasses. Enhancement of NPOH degradation was achieved with supplements of nitroethane given intra-ruminally at 6.5 or 10 mg/kg body weight. The effect of nitroethane on NO2-reduction was not always observed, but the NO 2-rates of metabolism always exceeded those of NPOH. The rate of NPOH degradation also increased when nitroethane was added to a molasses supplement. However, the volatility of nitroethane under field conditions prompted a search for a more stable inducer and the sodium salt of nitroethane was sub'sequently evaluated. The salt of nitroethane, given intra-ruminally at 20 mg nitroethanehtg body weight, resulted in the highest rate of NPOH degradation; this was similar to that reported for 3-nitropropionic acid, a nitroalkane that is much less toxic to ruminants than NPOH.
Introduction
A large number of New and Old World species of Astragalus (Leguminosae) contain glycosides of 3-nitropropanol (NPOH; Williams, 1982; Williams and Davis, 1982) . Timber milkvetch (A. miser var. serotinus), a native perennial widely distributed on rangelands in the interior of British Columbia, synthesizes large quantities of miserotoxin (3-nitro-1-propyl-~3-D-glucopyranoside), and this glycoside also is found in other Astragalus spp. in the Western United States (Stermitz and Yost, 1978) . Miserotoxin is rapidly hydrolyzed by microbial enzymes of the rumen and the aglycone is quickly absorbed from the forestomachs of cattle and sheep Pass et al., 1984) . After absorption, NPOH is rapidly converted to 3-nitropropionic acid (NPA; Muir et al., 1984) , and this probably occurs in the liver. The nitroacid appears to be the lethal metabolite (Pass et al., 1985) . In ruminants, acute NPOH poisoning is associated with severe respiratory distress, pelvic limb weakness, recumbency and death. A chronic form of NPOH intoxication also is observed frequently (James et al., 1980) . Oxidation of NPOH to NPA does not occur to any significant extent in the rumen , but the nitrocompounds can be detoxified by a number of ruminal bacteria. The anaerobic degradation probably occurs by a reductive cleavage at the carbon atom adjacent to the nitro group, with the resultant release of inorganic nitrite (N02-). The NO 2-is then rapidly reduced to ammonia, thereby resulting in its detoxification (Majak 'and Cheng, 1981) . Diet influences populations and proportions of ruminal microorganisms. Ruminal inocula were assayed from cattle on various diets and a sixfold difference was detected in the rates of NPOH degradation in vitro (Majak et al., 1982) . The highest rates were associated w~th diets that contained a low amount of timber milkvetch, and the induction of NPOH metabolism by dietary miserotoxin was pro-posed to explain the increased rates of microbial detoxification.
The present study was designed to examine other diets and supplements as potential enhancers of microbial detoxification systems in the bovine rumen. The enhancement of NPOH or NO2-degradation could be achieved through microbial adaptation and enzyme induction. The results of the study should provide a basis for developing a practical feed supplement to prevent livestock poisoning by miserotoxin-containing forages. Some preliminary results from these studies were reported earlier Cheng, 1983, 1984) .
Materials and Methods
General. Experiments were conducted during !982 to 1985 with ruminal-cannulated cattle at Kamloops (Exp. 1 to 3 and 5 to 9) and at Lethbridge (Exp. 4). Cattle, 2 to 9 yr of age, were maintained on a diet or supplement for at least 2 wk before ruminal fluid was obtained for in vitro incubations. Supplements given intra-ruminally were administered as single, daily doses in mg/kg body weight. In pasture experiments, cattle had continuous access to feed and samples of ruminal contents were obtained from the dorsal sac at approximately 0900 h. In feedlot experiments, ruminal fluid samples were always collected before the morning feeding at 0900 h. Samples were strained by squeezing through a single layer of cheesecloth and the ruminal fluid was collected in a preheated thermos flask. The flask was filled to overflowing and immediately capped.
The anaerobic in vitro procedure using strained ruminal fluid (25 ml) and artificial saliva (25 ml) was similar to that described by Majak and Clark (1980) . Incubations were carried out with NPOH (200 pm/ml ruminal fluid) or NO2-(100 /ag/ml). Sampling times were 0, 1, 2, 3 and 4 h for NO2--and 0, 2, 4 and 6 for NPOH, but these varied sometimes depending on the rates of the reaction. Spectrophotometric methods of analysis were reported earlier (Majak et al., 1982) . Nitrite was measured after diazotization and coupling to N-(1-naphthyl)ethylenediamine. Diazotized pnitroaniline was used for NPOH determination. Rates of substrate disappearance in units of gtmol'liter-l'h -1 were calculated for each incubation using linear regression. Treatments were then compared using analysis of variance, with rate of disappearance as the response variable.
Exp. 1 (April 1982) . Since previous studies indicated that nitrate supplements (100 to 200 mg NO3 =.kg-l.d-1) could induce ruminal detoxification of NO2--and NPOH (Cheng et al., 1985) , an experiment was conducted with sulfite (SO3 =) to determine whether this electron acceptor also could promote NPOH and NO 2-degradation in the rumen. We conjectured that Na2SO 3 could enrich the population of Desulfovibrio desulfuricans, a known SOa = reducer, which is also capable of NPOH degradation (Majak and Cheng, 1983) . Two groups of six animals (four Hereford and eight Jersey cows 271 to 481 kg) were maintained on alfalfa hay (IFN 1-00-059) and one group was given daily supplements of SO3 = (100 to 200 mg/kg) for 3 wk. Rates of NO2--and NPOH metabolism were determined on four occasions during the treatment (24 in vitro rate determinations/group). June 1982) . This experiment was conducted to determine the effect of Kentucky bluegrass (Poa pratensis, IFN 2-00-777) and orchardgrass (Dactylis glomerata, IFN 2--03-439) pasturage on the in vitro metabolism of NPOH and NO2-. Earlier results (Majak et al., 1982) suggested that these forages could promote ruminal detoxification of NPOH and NO2--. Two groups of five cattle (from Exp. 1) grazed new seedings of either orchardgrass or a cultivated variety of bluegress (Troy) and a third group of five (three Jersey-Hereford crossbred cows and two Jersey steers, 459 to 617 kg) was maintained on alfalfa hay. Rates of NO 2-and NPOH metabolism were determined on three occasions (15 in vitro rate determinations/group). . 3 (July to October 1982) . This experiment was conducted to determine if NPOH and NO 2-degradation could be enhanced with ruminal inocula from cattle given supplements of nitroethane, a relatively innocuous nitro analogue that might induce synthesis of microbial enzymes for detoxification. Six Hereford heifers (384 to 506 kg) were maintained on orchardgrass pasturage (IFN 2--03-451) for 3 wk, then one group of three was supplemented with nitroethane (6.5 mg'kg-l'd-1), which was administered intra-ruminally as an aqueous suspension. The treated heifers were kept in a pen where they received fresh orchardgrass daily at 0900 h. The other three heifers formed a control group in the orchardgrass pasture. Ruminal inocula from each heifer were assayed on seven occasions. The treatments were then reversed for the same period of time (7 wk) to provide a crossover experiment. Ruminal inocula from postprandial sampling times (3 and 6 h) also were examined. Methemoglobin concentrations were determined in each heifer by the method of Rodkey et al. (1979) on the last day of dosing.
Exp. 2 (May to

Exp
Exp. 4 (July to December 1984).
A crossover experiment similar to Exp. 3 was conducted with eight Holstein steers (470 to 631 kg), with the dose of nitroethane increased to 10 mg'kg-l'd -1. These steers, maintained on dehydrated alfalfa cubes (IFN 1-00--025), were divided into two groups of four and the treated group was given nitroethane for 4 wk. Ruminal inocula from each steer were assayed on six occasions. No supplement was given for 4 wk; then the treatments were reversed for the same period of time to complete the crossover experiment. The in vitro technique was slightly different at Lethbridge. The inocula were not diluted with artificial saliva and the incubations were conducted in volumes of 10 ml.
Exp. 5 and 6 (June to October 1983).
Eight animals (six from Exp. 3 and two Jersey heifers, 350 and 324 kg) were divided into two groups of four and were maintained on orchardgrass pastures (IFN 2--03--451). In Exp. 5, one group was given access to sugarcane molasses (containing 10% lignin sulphonate) for 3 h/d and in vitro rates of NPOH metabolism were determined in both groups on four occasions. The treatments were then switched and rates of metabolism were again determined. In Exp. 6, a similar experiment was conducted with the same heifers but the control group was given molasses and the treated group was given molasses containing 1% (v/v) nitroethane. The forage was changed to bluegrass pasture (IFN 2--00-786) for Exp. 6 because the field of orchardgrass became infested with white clover (Trifolium repens) The colorimetric procedure for NPOH was used to determine the nitroethane concentration in molasses. Exp. 7 and 8 (November 1983 to February 1984) . These experiments were similar to the previous two, but six different Hereford steers (558 to 659 kg) in two groups of three were used, and their diet was alfalfa hay. In Exp. 7, one group was given access to molasses and in 496%, Aldrich Chemical Co., Milwaukee, WI.
vitro rates of NPOH metabolism were determined in both groups on three occasions. The molasses treatment was then reversed to complete the crossover experiment. In Exp. 8, the same steers were used, but the control group was given molasses and the treated group was given molasses containing 1% nitroethane. April 1985) . The nitrohate anion of nitroethane is more soluble in aqueous systems and less volatile than the non-ionic form of the compound. This experiment determined the induction potential of the sodium salt 04 nitroethane given intra-ruminally at 20 mg nitroethane equivalents/kg. The salt was prepared as follows: Nitroethane a (304 ml) was added to 800 ml 5 N NaOH while stirring at high speed for 15 min at room temperature. This produced a single phase which was combined with .4M phosphate buffer (pH 6.5) to a final volume of 1,520 ml. The final pH of the solution was 9.5 to 10; the concentration in terms of nitroethane equivalents was 200 mg/ml.
Exp. 9 (January to
Ten Herefords (four cows and six steers, 505 to 729 kg), maintained on orchardgrass hay (IFN 1--03--438), were divided into two groups of five and the treated group was given the nitronate for 5 wk. Ruminal inocula were assayed on three occasions. Then the treatments were reversed and the same number of assays were conducted to complete the crossover experiment. Methemoglobin concentrations were determined in each animal on the last day of dosing.
Results and Discussion
Exp. 1. Rates of NO 2-and NPOH degradations were not significantly altered by the SO3 = treatment.
During supplementation, average rates for the treated group were 354 #tool NO2---liter-l.h-1 and 36 #mol NPOH'liter-l"h--1 as compared with 363 #rhol NO2--.liter-l.h-1 (SE = 38) and 45 and 45 #mol NPOH, liter-l.h-1 (SE = 8.1)for the control group. Towards the end of the experiment, the treated group went off feed, their rumens became compacted and the pervasive odor of rotten eggs indicated the production of large amounts of hydrogen sulfide. Their inability to digest feed was further aggravated and the experiment was terminated. Induction of NPOH metabolism was not acheived probably because the SO3 = is a preferred substrate for D. desulfuricans.
Exp. 2.
Rates of NO2--metabolism were higher (P<.01) with ruminal inocula from cattle fed bluegrass and orchardgrass pasture as compared with cattle that were fed alfalfa hay. The average rates for orchardgrass and bluegrass pastures and alfalfa hay were 1351, 977 and 341 gtmol NO2-'liter-l"-lh (SE = 60). Holthenius (1957) demonstrated much lower rates of NO 2-reduction in sheep fed hay and straw than in those given hay, oats and molasses. In our study, the crude protein content of the pasturage was relatively high (25 to 27%) compared with the level in hay (approximately 15%); this also suggests a positive relationship between feed quality and rates of NO 2-reduction. In contrast, significant differences due to forage were not detected when rates of NPOH metabolism were determined, but the data suggested a similar trend (P<.l) to that observed for NO2--. The average rates were 82, 63 and 47 gtmol NPOH'liter--l'h -1 (SE = 9.3) for orchardgrass and bluegrass pastures and alfalfa hay, respectively. In summary, diets of orchardgrass and bluegrass pasture enhanced the ruminal detoxification of NOu-, but their effect on microbial metabolism of NPOH was small. Therefore, the high rates of NPOH metabolism (> 200 #mol.liter-l.h-1) observed under range conditions (Majak et al., 1982) could not be attributed to the bluegrass forage. Since timber milkvetch occurs in the bluegrass range, it is possible that the enzymes for rapid NPOH metabolism were induced by low levels of dietary miserotoxin or by analogues of NPOH yet to be indentified.
Exp. 3. While responses for both periods are reported in table 1 and subsequent tables, they were rarely used in interpretation because, in a crossover design, the periods are a form of replication and are confounded with the interaction of treatments and groups. Data from a single period must also be interpreted with caution because treatment differences are confounded with group differences.
The low oral toxicity of nitroethane to rats (LDs0 = 1,100 mg/kg, Windholz, 1983 ) as compared with that of NPOH (LDs0 = 77 mg/kg, and its reasonable cost in comparison to other aliphatic nitrocompounds were major reasons for selecting this analogue as a potential feed supplement for cattle. As shown in table 1, the nitroethane supplement (6.5 mg/kg) significantly increased the in vitro rate of NPOH degradation. Compared with the control treatment, average rates for the nitroethane treatment were almost twice as great (table 1) and, in four cases, individual rates exceeded 200 lumol'liter-1 ,h-1 (range, 202 to 254 /amol'liter-l,h-1). In contrast, in vitro rates of NO2--reduction were not significantly affected by the nitroethane supplement. At the end of period 1, ruminal inocula were obtained at 3 and 6 h after feeding (AF) to compare postprandial rates with prefeeding (PF) rates. For the treated group, average rates for NPOH were 166 (PF), Since methemoglobin (metHb) can be elevated by the release of nitrite from nitroalkanes (Matsumoto et al., 1961) , % metHb was determined 1.5 and 3 h after nitroethane treatment. The average concentration of metHb for the nitroethane treatment was 1.20 -+ .26% and 1.36 +-.51% at 1.5 and 3 h, respectively., as compared with 1.22 -+ .67% for the control treatment. These results indicate that the normal concentration of oxidized hemoglobin was not significantly affected by the nitroalkane supplement at 6.5 mg/kg. In agreement, % metHb was not elevated when rats were given nitroethane intraperitoneally at 22 mg/kg, but exceeded 10% at 44 mg/kg (Matsumoto et al., 1961) . Acute methemoglobinemia is usually associated with >80% metHb, but a chronic syndrome can occur at 10% metHb.
Exp. 4. The results shown in table 2 confirm the conclusion from the previous trial on the effect of nitroethane on in vitro rates of NPOH degradation. When steers were treated with nitroethane, their inocula showed faster rates of NPOH degradation and these were, on the average, almost 50% greater than when steers were not treated. The much higher rates for NPOH shown in table 2 compared with table 1 could be partly attributed to the undiluted ruminal fluid used in these incubations (Majak et al., 1982) . However, this would not explain the NO2--rates which, on the average, appeared to be higher in Exp. 3 (table 1) than in Exp. 4 (table 2). The lower rates for NO2--in Exp. 4 might be attributed to differences in feed quality (alfalfa cubes vs orchardgrass pasturage), as noted previously.
Rates for NO2--were significantly lower for the nitroethane treatment than for the control treatment (table 2). Average rates for the treated groups were 12% lower; this differs from the trend observed in the previous experiment (table 1) . It is unlikely that the small rate differences observed for NO2--are of practical consequence in the overall detoxification of NPOH because, in general, rates for NO2-degradation are much more rapid than those for NPOH. In summary, nitroethane supplements promoted NPOH degradation in two different breeds of cattle located at two different locations but its effect on NO2-reduction was small and not always detectable.
Exp. 5 and 7. The previous experiments showed the efficacy of nitroethane, but a practical method was needed for treatment in the field. Molasses supplements are commonly given under field conditions where the syrup is usually delivered from a 170-liter (45-gal) drum equipped with a licking wheel. Preliminary studies indicated that aqueous suspensions of CStandard error of mean.
dMean of 16 in vitro rate determinations (four animals used four times).
eMean of nine in vitro rate determinations (three animals used three times).
10% nitroethane could be uniformly combined with 9 volumes of liquid molasses. The additional source of dietary carbohydrate might also enhance the metabolism of NPOH by ruminal microbiota. Thus, experiments were conducted to determine the effect of molasses alone (Exp. 5 and 7) and the effect of nitroethane combined with the molasses (Exp. 6 and
8).
As shown in table 3, rates of NPOH metabolism were significantly greater when inocula were obtained from cattle on orchardgrass pasture supplemented with molasses compared with orchardgrass alone. Average rates from inocula collected when animals were given molasses were 24% higher than the control inocula. In contrast, rates were not significantly affected by molasses supplementation of the hay diet where the molasses intake was almost twice as great (table 3). The average rates obtained with orchardgrass and molasses (table  3) were similar to those obtained with orchardgrass and nitroethane (table 1) . However, orchardgrass pasturage alone showed a pro- bFirst and second period of crossover experiment.
CMolasses containing 1% nitroethane.
dstandard error of mean.
eMean of 12 in vitro rate determinations (four animals used three times).
fMean of nine in vitro rate determinations (three animals used three times).
nounced effect on rates of NPOH metabolism in an earlier study (Majak et al., 1982) .
Exp. 6 and 8. Rates of metabolism were higher when supplements of molasses contained nitroethane than when they did not, and this was observed in both diets ( Exp. 9. The sodium salt of nitroethane proved to be much more stable in solution than the non-ionic parent compound. The stability of the salt was monitored by its ultraviolet spectrum, which showed a distinct maximum at 228 nm in .02 N NaOH. When the prepared salt was stored at room temperature, its absorption at 228 nm showed a decrease of .4 to .5%/d over a 2-too period, but the spectrum was not significantly shifted. The decrease could result from a gradual release of nitroethane or it could be related to the change in color (clear to yellow) that occurs with prolonged storage (Porter et al., 1973) . The increased solubility of the salt also was advantageous because individual doses could be prepared in small, convenient volumes (40 to 60 ml). Since the pK of nitroethane is 8.5, the salt would revert to the non-ionic nitroalkane after injection into ruminal fluid, where the pH is maintained at near neutrality. Table 5 shows that rates for NPOH were substantially altered when the salt was given to cattle at 20 mg nitroethane/kg, but rates for NO 2-were not signficantly affected by the supplement. In. Exp. 9, the two groups of animals responded differently (P<.01) to the treatment and a carryover effect was suggested for NPOH rates of metabolism from the first to the second period of the crossover. The highest rate observed for NPOH was 446/lmol'liter -1 9 h-1 and, in six determinations, rates exceeded 400 #mol'liter-l'h -1. The treatment resulted in an average rate of 276/amol 9 liter-l.h-1 but this was determined in an incubation mixture containing 50% artificial saliva. Rates for NPOH can increase by 70 to 80% with undiluted inocula (Majak et al., 1982) ; the average rate in whole ruminal fluid could well exceed 400/amol'liter-l'h -1. This rate compares favorably with those reported for NPA by Gustine et al. (1977) , who showed that the nitroacid was readily detoxified by ruminal bacteria from sheep. 3-Nitropropionic acid is a component of crownvetch (Coronilla varia)and other legumes but it is much less toxic to ruminants than NPOH (Williams and James, 1975) . When in vitro rates of metabolism were compared (Majak and Clark, 1980) , NPA was degraded twice as fast as NPOH and the authors concluded that the greater toxicity of NPOH could be partly attributed to its slower rate of detoxification in the rumen. In this experiment, however, we showed that rates of degradation for NPOH can be significantly enhanced through induction with nitroethane and this offers a means of protection for animals at risk.
Since the dose of nitroethane was three times greater in Exp. 9 than in Exp. 3, % metHb was again determined at 1.5 and 3 h after intraruminal injection of the salt. The average concentration of metHb for nitronate treatment was 1.06 + .40% and .74 -+ .67 at 1.5 and 3 h, respectively, as compared with 1.35 -+ .59% for the control treatment. Thus, the level of oxidized hemoglobin was not significantly affected by the increased dose of nitroethane. Nevertheless, the degree of nitroethane absorption from the reticulo-rumen remains to be determined, as well as its long-term effect on performance. Preliminary in vitro experiments indicate that nitroethane can also be degraded under anaerobic conditions (W. Majak, unpublished data) . This suggests that the inducer also may be metabolized and rendered harmless by the microbiota of the rumen.
In conclusion, these results show that the degradation of NPOH by ruminal microorganisms can be significantly enhanced if cattle diets contain supplements of nitroethane. Furthermore, the additive appears to be innocuous at the levels tested because treated cattle showed no signs of debilitation and metHb concentrations were not elevated. The suitability of using nitroethane under grazing conditions will be further investigated to demonstrate its efficacy to range cattle at risk.
